Control over structural transformations in supramolecular entities by external stimuli is critical for the development of adaptable and functional soft materials. Herein, we have designed and synthesized a dipyridyl donor containing a central Z-configured stiff-stilbene unit that self-assembles in the presence of two 180°di-Pt(II) acceptors to produce size-controllable discrete organoplatinum(II) metallacycles with high efficiency by means of the directionalbonding approach. These discrete metallacycles undergo transformation into extended metallosupramolecular polymers upon the conformational switching of the dipyridyl ligand from Z-configured (0°) to E-configured (180°) when photoirradiated. This transformation is accompanied by interesting morphological changes at nanoscopic length scales. The discrete metallacycles aggregate to spherical nanoparticles that evolve into long nanofibers upon polymer formation. These fibers can be reversibly converted to cyclic oligomers by changing the wavelength of irradiation, which reintroduces Z-configured building blocks owing to the reversible nature of stiff-stilbene photoisomerization. The design strategy defined here represents a novel self-assembly pathway to deliver advanced supramolecular assemblies by means of photocontrol.
metal coordination | supramolecular coordination complex | photoirradiation | reversibility | dynamic materials N atural systems provide many examples of self-assembled biosupramolecules that respond to external stimuli through conformational changes that ultimately play a role in carrying out their various biological functions. Mimicking this stimuli-responsive behavior in artificial systems is a promising route toward obtaining sophisticated molecular-based architectures with functional and structural tunability (1) (2) (3) . Using the absorption of photons as a trigger is particularly attractive in that light-induced transformations maintain high spatial and temporal resolution without producing waste products even during multiple reversible switching sequences (4) . In materials science, one of the most appealing characteristics of photochromic molecules is the direct conversion of light into mechanical energy based on their photo-reversible structural transformations (5) . Among such chromophores, a stiffstilbene moiety (1,1′-biindane) is useful owing to its unique characteristics (6) . First, stiff stilbene can adopt either a cis or trans configuration with respect to its central double bond. Second, the high activation barrier between the two isomers (∼43 kcal·mol −1 , corresponding to a half-life of ∼10 9 y at 300 K) makes thermal E/Z isomerization negligible at temperatures of 420 K and lower. Third, the quantum yield for the photoisomerization of either isomer is high (50%). Fourth, the stiff-stilbene core is readily substituted using well-established synthetic methods. Owing to these promising characteristics, Boulatov and coworkers (7) constructed a molecular force probe by integrating the moiety into a stretched polymer to mimic the strain generated in diverse functional groups. Yang and coworkers (8) reported hydrogen-bonded supramolecular polymers and studied their polymerization mechanisms and physical properties based on the photoisomerization of the stiff-stilbene units. Nevertheless, stiff-stilbene-based supramolecular entities are underexplored despite exhibiting properties that make the functionality potentially useful in the construction of photoresponsive supramolecular materials.
Coordination-driven self-assembly is a powerful method of constructing supramolecular coordination complexes (SCCs) by the spontaneous formation of metal-ligand bonds that draws inspiration from the design principles of natural systems (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . This approach organizes metal acceptors and organic donors to prepare well-defined cavity-cored 2D metallacycles and 3D metallacages, which can be functionalized on their interior or exterior vertices for applications in host-guest chemistry (21, 22) , catalysis (23) , molecular flasks (24), bioengineering (25) , amphiphilic self-assembly (26) , and so on. The versatility of coordination-driven self-assembly can be enhanced by designs that allow for post-self-assembly modifications that in some cases result in complete structural transformations. For example, the Stang group previously demonstrated the transformation of selfassembled polygons by changing the angle between the bonding sites of a ligand from 180°to 120°upon treatment of Co 2 (CO) 6 with an acetylene moiety (27) . Yang and coworkers (28) reported the construction of multibisthienylethene hexagons capable of reversible supramolecule-to-supramolecule conversions induced by ring-open and ring-closed conformational changes of the bisthienylethene units. Herein we expand upon the transformations Significance Coordination-driven self-assembly is a synthetic method used to generate complex structures based on the simple formation of metal-ligand bonds between molecular building blocks. These building blocks can be functionalized in a variety of ways, endowing the process with a wide range of modularity and tunability. Here, a building block is used that changes its structure when it absorbs light. Because the geometry of each building block is a critical determinant of overall structure, when the precursor changes its shape the final assembly transforms from a discrete metallacycle to an extended 1D network. This technique demonstrates that coordination-driven self-assembly can be used to obtain dynamic materials that respond to external stimuli. established by the systems described above designing SCCs capable of evolving from discrete metallacycles into infinite constructs using external stimuli.
Supramolecular polymers can be defined as dynamically reversible polymeric arrays (29) (30) (31) (32) (33) (34) (35) (36) (37) that form from the explicit manipulation of noncovalent forces between monomeric units (38) (39) (40) (41) (42) (43) . Supramolecular polymer chemistry can readily complement coordination-driven self-assembly, as exemplified by our efforts to design hierarchical supramolecular polymerizations of discrete organoplatinum(II) metallacycles, thus accessing novel supramolecular polymeric materials, such as macroscopic hexagonal supramolecular polymer fibers (44) , dendronized organoplatinum(II) metallacyclic polymers (45) , and a responsive, cavity-cored supramolecular polymer network metallogel (46) . Herein, we report photoresponsive supramolecular transformations between discrete organoplatinum(II) metallacycles and infinite metallosupramolecular polymers induced by a cis/ trans conformational transition of a stiff-stilbene-based dipyridyl ligand. The self-assembly behaviors, physical properties, topologies, and morphologies of these SCCs can be regulated by photoisomerization, demonstrating this powerful approach to prepare advanced supramolecular coordination complexes.
Results and Discussion
The dipyridyl ligand Z-1 can be readily synthesized by nucleophilic substitution of 1,1′-biindenylidene diol with 4-(chloromethyl) pyridine hydrochloride in 75% isolated yield (SI Appendix, Scheme S1). The cis nature of the Z-1 isomer renders it a 0°d onor based on the tenets of the directional bonding approach. Upon mixing with complementary 180°di-Pt(II) acceptors, two discrete metallacycles of varied size can be obtained via coordination-driven self-assembly. Irradiation of Z-1 at 387 nm generates its corresponding trans isomer, E-1, in almost quantitative yield. This isomerization changes the ligand into a 180°d onor (Fig. 1A) . Whereas the cis form yields closed metallacycles upon self-assembly, the 180°form does not produce convergent geometries, instead furnishing linear metallosupramolecular polymers. The ready accessibility of both isomers of ligand 1 makes a detailed investigation of the photoresponsive supramolecular transformation between discrete metallacycles (DMCs) and infinite metallosupramolecular polymers (MSPs) possible.
Stirring equimolar mixtures of Z-1 with either acceptor 2 or 3 in CD 2 Cl 2 at room temperature for 8 h leads to the formation of self-assembled discrete metallacycles 4 and 5, respectively ( (Fig. 2 , spectrum G), consistent with the loss of electron density that occurs upon pyridyl coordination with the acceptor. Similarly, in the 1 H NMR spectrum of DMC 5 ( Fig. 2 , spectrum H), the α-and β-pyridyl hydrogen signals both shift downfield (Δδ[H α ] = 0.11 ppm; Δδ[H β ] = 0.51 ppm), owing to coordination.
The stoichiometry of formation of metallacycles 4 and 5 was confirmed by electrospray ionization (ESI) time of flight MS, which allows for the observation of peaks corresponding to intact assemblies with high isotopic resolution. In the mass spectrum of DMC 4, five peaks were consistent with our assignment of a [2 + 2] assembly (SI Appendix, Fig. S6 ). Among these were a peak at 3+ . All of the peaks were isotopically resolved and in good agreement with their calculated theoretical distributions, which allowed for the molecularity of the DMCs to be unambiguously established.
The transformation process triggered by photoirradiation of the two DMCs 4 and 5 was studied in CH 2 Cl 2 at room temperature. In the 1 H NMR spectrum of DMC 4, three sets of signals corresponding to protons H a , H e , and H f on the stiff-stilbene unit were located at 7.58, 2.83, and 2.73 ppm, respectively (Fig. 3 , spectrum A). Upon UV irradiation at 387 nm, the three peaks appeared at 7.20 ppm (Δδ[H a ] = 0.38 ppm), 3.13 ppm (Δδ[H e ] = 0.30 ppm), and 3.03 ppm (Δδ[H f ] = 0.30 ppm), respectively, which can be attributed to the resulting E-configured ligand (Fig.  3, spectrum B) . Upon irradiation, the α-and β-pyridyl hydrogen signals show downfield shifts. These spectral changes in the 1 H NMR spectroscopy support the transformation of 4 into 6 as the directionality of the ligand changes from 0 to 180° (Fig. 1B) . Similar features in the 1 H NMR spectra resulting from the structural transformation process of 1 were also observed for DMC 5 and MSP 7 (Fig. 3 , spectra C and D). Despite these observable changes in the 1 H NMR spectra, no significant changes are notable in the 31 P{ 1 H} NMR spectra of either system (SI Appendix, Fig. S10 ), suggesting that the phosphorus environments are not affected by the distant isomerization that has little bearing on the Pt-N bonding.
The structural transformations of 4 and 5 also manifested in changes to their absorption and emission properties. The UVvisible spectrum of DMC 4 showed a broad absorption band at ∼350 nm, which is similar to that of the parent Z-stiff stilbene (Fig. 4A) . Upon irradiation of 4 at 387 nm, two new absorption bands at ca. 342 and 358 nm were observed, arising from the corresponding photostationary state of the E-configured stiffstilbene chromophore of MSP 6 (Fig. 4A) . Similarly, irradiation of DMC 5 at 387 nm in CH 2 Cl 2 also resulted in the cis-trans isomerization (Fig. 4A) , prompting a transformation from DMC 5 to MSP 7. Furthermore, the fluorescence spectra of 4 and 5 both showed an emission band at ca. 430 nm, which originates from the Z-configured stiff-stilbene unit (Fig. 4B) . After transformation into MSPs, strong fluorescence enhancement occurred. From DMC 4 to MSP 6, a ca. sixfold fluorescence enhancement was observed. Similarly, from DMC 5 to MSP 7, a ca. ninefold fluorescence enhancement was observed. These spectral changes reveal that in addition to structural changes marked photophysical changes can be induced in stimuli-responsive materials.
The changes observed in the 1 H NMR, absorption, and emission spectra all support that the photoinduced structural transformation relies on the efficient cis/trans isomerization of the stiff-stilbene core. The transformation from discrete to extended structures likely occurs via one of two pathways. Although coordination to Pt suggests that the stiff-stilbene unit is locked in place, coordination-driven self-assembly relies on dynamic metal-ligand bonding. As such, minor amounts of dissociation between the Pt and pyridyl groups would allow for facile isomerization, after which coordination can reoccur. Alternatively, photon absorption would provide energetic input and strain on the SCC core, thereby providing impetus for Pt-N bond dissociation. As the core isomerizes, distorting the metallacycle, dissociation may occur, allowing the system to relax back to a thermodynamic minimum with a new configuration. As the metal-ligand bonds reform, an extended network would be generated.
To further confirm the photoinduced formation of MSPs, 2D diffusion-ordered , respectively (Fig. 4C) . Furthermore, the concentration dependence of the measured weight-average diffusion coefficients of MSPs 6 and 7 has been determined. Upon increasing concentrations from 1 mM to 5 mM, the measured weight-average diffusion coefficients decreased from 9. S11 ). These significant decreases in average diffusion coefficient implied that large polymeric aggregates MSPs 6 and 7 formed after irradiation. Notably, the average diffusion coefficient of MSP 7 is smaller than that of MSP 6 (D MSP 6 /D MSP 7 = 1.58), indicating that the longer di-Pt(II) acceptor 3 results in larger MSP formation than that of its shorter counterpart. Moreover, dynamic light scattering (DLS) experiments were performed to provide further evidence for the formation of MSPs from DMCs. The average hydrodynamic diameters (D h ) of DMCs 4 and 5 were determined to be 2.70 and 3.12 nm, respectively, which can be attributed to the individual DMCs, as confirmed by molecular modeling (SI Appendix, Fig. S12 ). After irradiation of DMCs 4 and 5 in CH 2 Cl 2 (1.00 mM), the corresponding D h values increased to 122.4 and 164.2 nm (Fig. 4D) , respectively. When the initial concentrations of DMCs 4 and 5 in CH 2 Cl 2 were increased to 2.00 mM, the corresponding D h values increased to 342.0 and 396.2 nm, respectively, after irradiation (SI Appendix, Fig. S13 ). This increase is consistent with the formation of long metallosupramolecular polymer chains whose aggregate size is concentration-dependent. At higher concentrations, single chains are more likely to combine into larger groups of fibers, resulting in the observed DOSY and DLS data.
As evidenced above, 387-nm light irradiation produced MSPs. The reverse isomerization can be achieved by irradiation at 360 nm because this wavelength will reverse the cis/trans isomerization. Irradiation of 7 at 360 nm resulted in the formation of a mixture of Eand Z-configured species with a ratio of 47:53, as determined by 1 H NMR spectroscopy (SI Appendix, Fig. S14, spectrum B) . Similar results have been observed for overcrowded alkenes systems developed by Qu and Feringa (47) . The presence of the Z-configured isomer acts as a polymerization inhibitor, introducing a nonlinear angularity. Because not all of the ligand converts, quantitative formation of discrete metallacycles does not occur. Instead, the angled ligand is incorporated into larger cyclic oligomers as evidenced by a decrease in size based on DLS experiments (Fig. 5) . The D h value of MSP 7 at 1.00 mM was determined to be 164.2 nm. After irradiation at 360 nm, the corresponding D h value decreased into 10.1 nm (SI Appendix, Fig. S15A ), greatly disrupting the extended chain network to give significantly smaller species. This transformation can be reversed by irradiating at 387 nm, converting the stiff stilbene back to its linear form (Fig. 5) . Fluorescence spectroscopy further supports the reversibility of this process, showing that repeated cycles of 360-nm and 387-nm exposures induce transitions between MSPs and cyclic oligomers (Fig. 6) .
The morphological ramifications of the photoinduced transformations were explored using transmission electron microscopy (TEM). As shown in Fig. 7A , a TEM image of DMC 4 in CH 2 Cl 2 revealed spherical nanoparticles with diameters that ranged from 10.0 to 80.0 nm, which can be attributed to the self-aggregation of the discrete metallacycles. When solutions of DMC 4 were irradiated by UV light at 387 nm, TEM images of the material showed remarkable morphological changes. Images of MSP 6 show that the extended network adopts a fibrous nanostructure (Fig. 7C) .
The nanofiber has a width of ca. 50.0 nm and a length of >1.00 μm, indicating a 1D propagation process. Similar morphological changes were also observed when DMC 5 transformed to MSP 7 (Fig. 7, B and D) . These fibers represent bundles of single supramolecular polymer chains. Once the photoresponsive transformation of DMCs to MSPs occurs, these single metallosupramolecular polymeric chains aggregate and then further entangle to form associated clusters that ultimately self-assemble into nanofibers. Therefore, upon irradiating the discrete metallacycles in solution with UV light, an interesting morphological change between 
Conclusion
A pyridyl-based ligand built upon a stiff-stilbene core was synthesized and used in self-assembly reactions with two 180°di-Pt(II) acceptors to produce two discrete metallacycles with high efficiency by means of a directional-bonding approach. These discrete metallacyclic precursors could be extended into infinite metallosupramolecular polymers upon photoinduced conformational transitions of the stiff-stilbene core from Z to E configuration, thus switching the ligand from a 0°to a 180°donor. Absorption of a photon either isomerizes dissociated ligands in solution that can then rebind to a metal center or induces structural changes of the metallacycle, prompting dissociation and transformation into an extended polymer. This process results in a structural change from discrete metallacycles to 1D chains, representing a novel route to photocontrolled supramolecular transformations. Moreover, the reversible nature of stiff-stilbene isomerization makes photoinduced structural transformations between highmolecular-weight MSPs and low-molecular-weight cyclic oligomers feasible. This work established new methods toward combining coordination-driven self-assembly, supramolecular polymerization, and stimuli-responsive soft materials and motivates ongoing efforts exploring new approaches to molecular materials with dynamic and controllable properties stemming from the incorporation of interesting functionalities into unique building blocks.
Materials and Methods
All reagents were commercially available and used as supplied without further purification. Deuterated solvents were purchased from Cambridge Isotope Laboratory. Compounds 2−3 (48) and 8 (49) were prepared according to the published procedures. NMR spectra were recorded with a Bruker Avance DMX 500 spectrophotometer or a Bruker Avance DMX 400 spectrophotometer with use of the deuterated solvent as the lock and the residual solvent or TMS as the internal reference. 1 (δ 0.0). The 2D DOSY NMR spectra were recorded on a Bruker DRX500 spectrometer. DLS was carried out on a Malvern Nanosizer S instrument at room temperature. Mass spectra were recorded on a Micromass Quattro II triple-quadrupole mass spectrometer using ESI and analyzed using the MassLynx software suite. UV-visible spectra were collected on a Shimadzu UV-2550 UV-visible spectrophotometer. The fluorescence data were measured on an RF-5301 spectrofluorophotometer (Shimadzu Corporation). TEM investigations were carried out on a JEM-1200EX instrument. The samples for TEM experiments (Fig. 6, A and B) were prepared by placing one drop of a dichloromethane solution of DMC 4 (or 5) onto a carbon-coated grid and then drying under an infrared light before observation. The samples for TEM experiments (Fig. 6 , C and D) were prepared by placing one drop of a dichloromethane solution of MSP 6 (or 7) onto a carbon-coated grid, followed by drying under an infrared light before observation. The melting points were collected on a SHPSIC WRS-2 automatic melting point apparatus. The formation of the discrete metallacycles was achieved by mixing Z-1 with either 2 or 3 in a 1:1 ratio in a 2-dram vial. The solids were dissolved in CH 2 Cl 2 and allowed to stir at room temperature for 8 h. To the resulting homogeneous solution, diethyl ether was added to precipitate the product, which was then isolated and dried under reduced pressure for 4 h and redissolved in CD 2 Cl 2 for characterization. 
